ABSTRACT In Washington state, identiÞcation of the quarantine apple pest Rhagoletis pomonella (Walsh) is complicated by the presence of the cryptic species Rhagoletis zephyria Snow (Diptera: Tephritidae). Distinguishing the two ßies is important because there is a zero tolerance policy for R. pomonella in apple production for export. Here, we attempt to distinguish the two species by scoring R. pomonella and R. zephyria populations from western and southÐ central Washington for a set of 11 nuclear markers, including four single nucleotide polymorphisms (SNPs) developed for rapid and inexpensive genotyping using Taqman real-time quantitativeÐpolymerase chain reaction. We show that the four SNPs may be adequate in most cases for distinguishing whether a ßy originated from apple or black hawthorn (the two major host plants for R. pomonella representing an economic risk) versus snowberry (the major host for R. zephyria, and not a commercial threat). However, directional introgression of R. zephyria alleles into R. pomonella can complicate the identiÞcation of ßies of mixed ancestry based only on the four SNPs. Moreover, this problem is more acute in the sensitive apple-growing regions of central Washington where our results imply hybridization is common. Consequently, application of the four SNP quantitativeÐpolymerase chain reaction assay can immediately assist ongoing apple maggot monitoring, while the development of additional genetic markers through next-generation sequencing would be valuable for increasing conÞdence in species identiÞcation and for assessing the threat posed by hybridization as R. pomonella further spreads into the more arid apple-growing regions of central Washington.
The development of rapid and inexpensive DNA technologies has provided powerful and sensitive new tools for distinguishing taxa, especially in the case of cryptic species (Hebert et al. 2004) . Cryptic species are almost morphologically indistinguishable, but can be genetically distinct from each other. The presence of cryptic species in nature has important implications for measurements of diversity, conservation, and pest management (Hebert et al. 2004 ).
In the state of Washington (WA) in the western United States, identiÞcation of the introduced apple maggot, Rhagoletis pomonella (Walsh) , a pest of apple [Malus sp. (Miller) ], is complicated by the presence of the cryptic native species Rhagoletis zephyria Snow (Diptera: Tephritidae), a specialist fruit parasite of native snowberry [Symphoricarpos albus laevigatus (Fernald. S. F. Blake)]. Distinguishing between the two taxa is important because there is a zero tolerance policy for larval infestations of R. pomonella in apple orchards producing fruit for foreign and domestic export from WA, worth US$1.4 billion in 2006 (Creamer and Jessup 2008) . This policy is enforced by a trapping program (Washington State Department of Agriculture 2010), and misidentiÞcation of R. zephyria can result in unjustiÞed quarantine measures, while misidentiÞcation of R. pomonella can delay implementation of preventative actions to check the spread of the pest. At present R. pomonella and R. zephyria caught on traps are distinguished using morphological characters , but this method is only applicable to adults, and hybridization complicates morphological identiÞcation (McPheron 1990) . Here, we are reporting the development of rapid genetic diagnostic tools to address these two problems.
R. pomonella is native to eastern North America from Canada to Mexico, and possibly some regions in the western United States (Bush 1966 , Rull et al. 2006 , Hood et al. 2013 , where it infests hawthorns [Crataegus sp. (L.) ]. In the western and northern part of its native and introduced range, R. pomonella overlaps geographically with R. zephyria, whose native range stretches from the PaciÞc United States and Canada to the Great Lakes, with likely introduced populations in the Northeast (Gavrilovic et al. 2007 ). Both species are part of the R. pomonella species group that consists of several described species and other host-associated populations that each attack a limited set of closely related host plant species (Berlocher 2000) . Adaptation to a speciÞc host results in reproductive isolation from other such host-adapted populations in sympatry as has been shown by detailed work on R. pomonella. In the mid-19th century, R. pomonella expanded its host range to include apples introduced from Europe (Bush 1969) . Observation of the shift from hawthorns to apples by Walsh (1867) , and the subsequent demonstration of ecologically based reproductive isolation and genetic differentiation between apple and hawthorn ßy populations (Feder et al. 1988 , McPheron et al. 1988 , Feder et al. 1994 , Filchak et al. 2000 have provided strong support for a sympatric origin of the two populations (Bush 1969) . Because mating and egg-laying occur on the host fruit, Rhagoletis populations attacking different host plants are sexually isolated by host Þdelity (Feder and Bush 1989; Feder et al. 1994 Feder et al. , 1999 Linn et al. 2003) . Fly populations are also temporally isolated because of differences in their adult emergence times that match variation in when their respective host plants fruit (Smith 1988 ). However, reproductive isolation is incomplete between several R. pomonella group ßies, as illustrated by the production of viable apple ϫ snowberry ßy hybrids in the lab (Yee and Goughnour 2011) and the identiÞcation of gene ßow between several species in the wildÑnotably R. zephyria and blueberry maggot Rhagoletis mendax Curran in the eastern United States (Schwarz et al. 2005) and R. pomonella and R. zephyria in the western United States (McPheron 1990 , Feder et al. 1999 . Despite gene ßow, sibling species like R. pomonella and R. zephyria remain recognizably separate ecological entities. R. pomonella and R. zephyria will not oviposit in the host fruit of the other species , show reduced larval survival in reciprocal transplants (D. S., unpublished data), and display partial host-independent assortative mating and partial postzygotic isolation (Yee and Goughnour 2011) . The maintenance of host-speciÞc populations despite gene ßow, the effect of hybridization, and the phenotypic and genetic changes necessary to shift hosts are all sources of ongoing scientiÞc investigation (Dambroski et al. 2005 , Michel et al. 2010 .
Studies of Rhagoletis have important economic implications. Many of the fruits infested by Rhagoletis are commercially important crops. In the PaciÞc Northwest region of the United States, R. pomonella was introduced sometime in the past 60 yr, most likely via the transport of larval-infested fruit from the eastern United States (AliNiazee and Penrose 1981). Here it is found mostly on three different hosts: non-native apples (Malus sp.) and English hawthorn (Crataegus monogyna Jacquin) and native "black hawthorns" [Crataegus douglasii Lindley and Crataegus suksdorfii (Sargent) Kruschke]. While common west of the Cascade Range, R. pomonella is only patchily distributed in southÐ central WA. There it is almost exclusively found at low population density on black hawthorn with some reports from feral apples (Yee et al. 2012 , Hood et al. 2013 . Throughout its WA range, R. pomonella overlaps broadly with R. zephyria, and host plants infested with either species are often found in close spatial proximity of one another. While R. zephyria has no direct economic effects, R. pomonella is a major quarantine pest of apples and of particular concern in WA. The United States is the second largest producer of fresh apples, and WA accounts for over half of this production (Creamer and Jessup 2008) . Fresh apples must be certiÞed maggot-free before export. The Washington Department of Agriculture monitors apple maggots using sticky traps within apple-growing regions (but not within orchards) and inspects fruit for larvae before export when ßies are caught near orchards (Washington State Department of Agriculture 2010).
Currently, free-living adults are identiÞed as either R. pomonella or R. zephyria based on morphological differences. Females are distinguished using the length of the aculeus, whereas males are identiÞed based on the orientation of their surstyli . These measurements, used in combination with other features including morphometric analysis of wing characteristics, greatly reduce the probability of misidentiÞcation, but are only applicable to morphologically intact adult ßies (Yee et al. 2009 ). However, it is the larval stage of the ßy that causes damage to fruit and is used by regulators to deÞne establishment of the ßy for enacting quarantine measures. To date, no larva has been found in a commercial apple from the central WA growing region (Washington State Department of Agriculture 2010). However, Rhagoletis larvae, sometimes of unknown origin, have been discovered infesting other hosts in the region, including exotic crabapples Klaus 2013) . Consequently, a genetic method for determining the identity of larvae of unknown origin could be a valuable tool for quickly assessing the risk posed by alternative Rhagoletis hosts in areas near commercial apple orchards. There is also some overlap in measurements between the species, which complicates positive identiÞcation (Yee et al. 2009 ). In addition, evidence suggests that hybridization and introgression is occurring between the native R. zephyria and introduced R. pomonella in the PaciÞc Northwest, primarily in the direction of R. zephyria into R. pomonella populations (McPheron 1990) . Such introgression could contribute to the uncertainty in species assignment of specimens, as it could produce intermediate morphologies in wild hybrids similar to those observed in artiÞcially produced hybrids . Genetic markers would allow admixed hybrid individuals to be identiÞed, and help conÞrm the reported asymmetry in the direction of gene ßow from R. zephyria into R. pomonella.
With respect to genetic identiÞcation, previous studies have shown that it is not possible to diagnostically distinguish most members of the R. pomonella sibling species complex based on any one gene. In this regard, no Þxed allelic difference exists at any locus between R. pomonella and R. zephyria (Berlocher et al. 1993 , Feder et al. 1999 , Berlocher 2000 , Xie et al. 2008 ). However, researchers have identiÞed pronounced allele frequency differences between R. pomonella and R. zephyria (Feder et al. 1999) , and several involve "private" alleles. Private alleles are alleles that, although not diagnostically Þxed at a locus, occur in only one species. Multiple unlinked loci with private alleles therefore provide a potential means for distinguishing R. pomonella complex species (Schwarz et al. 2005) . Hybridization complicates this analysis for R. pomonella and R. zephyria in the PaciÞc Northwest, however, because it means that "near" rather than "absolutely" private alleles exist. That is, alleles normally found uniquely in one species may nevertheless be occasionally found at lower frequency in the other because of gene ßow. In such circumstances, statistical analysis (e.g., Anderson and Thompson 2002, Pritchard et al. 2000) can still be performed on individual ßy genotypes to infer whether they are more likely a parental species genotype or represent hybrids; the latter being indicated by a ßy possessing a combination of near private alleles across multiple loci from both R. pomonella and R. zephyria. These statistical techniques do not require known "pure" parental populations as benchmarks but will through iterative Bayesian clustering assign unknown genotypes to parental and hybrid classes. Such assignment does not take host origin into account, and can test whether individuals using different hosts do indeed form different genetic groups (Schwarz et al. 2005) .
Therefore, the current study had two objectives. First, to determine if a set of genetic markers could be found to improve identiÞcation of R. pomonella versus R. zephyria in WA for pest monitoring in apple-growing regions. To accomplish this, we initially scored eight different R. pomonella and R. zephyria populations in the state for four single nucleotide polymorphisms (SNPs) derived from cDNA sequences, two allozymes, and Þve microsatellites. We then assessed whether the four SNP markers alone, developed to allow rapid and relatively inexpensive genotyping by Taqman real-time quantitativeÐpolymerase chain reaction (qPCR), were sufÞcient for reliable species designation. Our second objective was to use the genetic markers to further assess whether hybridization and asymmetrical introgression may be occurring from R. zephyria into R. pomonella in WA.
Materials and Methods
Based on previous studies in which population averages have shown strong genetic and ecological separation between ßies collected from apple and hawthorn and those collected from snowberry (e.g., McPheron 1990 ), we use species names to provisionally describe individuals collected from apple or hawthorn as R. pomonella and individuals collected from snowberry as R. zephyria. This designation will, however, not bias our analysis, as the Bayesian clustering techniques used here (shown in this section below) do not require standards of known nonadmixed ßies to assign individuals to different populations or hybrid classes. A ßy collected on apple could, for example, be genetically clustered with R. zephyria. Furthermore, because R. pomonellaÕs geographic range in the PaciÞc Northwest overlaps with R. zephyriaÕs range almost completely, it is impossible to a priori certify a sample of R. pomonella as nonadmixed. Eight different populations of Rhagoletis ßies collected from fallen fruit were genetically analyzed in the study ( Fig. 1 ): R. pomonella pupae from domestic apples (n ϭ 23) at a site in Bellingham, WA; R. pomonella pupae from black hawthorn (n ϭ 16) at a site in Bellingham, WA; R. zephyria pupae from snowberry (n ϭ 21) at a site in Bellingham, WA; and R. pomonella adults reared from black hawthorn at Þve different sites in southÐ central WA (Fig. 1) . Three geographically close sites among the Þve were pooled, resulting in three southÐ central WA populations for our analysis: 1) Burbank (n ϭ 9); 2) a pooled sample from the neighboring sites Wenas, Nile, and Tampico (n ϭ 10); and 3) a single ßy from Goldendale ( Fig. 1) .
DNA extractions were performed from specimens using the DNAeasy tissue kit (Qiagen, Hilden, Germany) according to the manufacturerÕs instructions. To provide for a rapid and efÞcient assay, we searched for a set of genetic markers that could be scored using real-time PCR. We screened previously published Rhagoletis nuclear-encoded DNA sequences in GenBank (Xie et al. 2008 ) and identiÞed potentially diagnostic SNPs at six different loci (designated P22, P309, P1700, P2956, P2963, and P3072 in Roethele et al. 2001) (Table 1) . We designed Taqman (Life Technologies, Grand Island, NY) custom-made PCR genotyping primers using software provided by the company (Table 2) , and screened R. pomonella and R. zephyria samples from Bellingham apples and snowberries for informative frequency differences. Of these six loci, four (designated P22, P1700, P2956, and P3072, hereafter) exhibited substantial differences in allele frequencies between the two species (Table 3) and were selected for further analysis. The four loci are located on R. pomonella linkage groups I, II, III, and V, respectively, and represent four of RhagoletisÕ six chromosomes (Roethele et al. 2001) . Taqman genotyping assays were run according to the manufactur- Step-One Plus Real-time qPCR (Life Technologies) system using Taqman genotyping master mix (Life Technologies). Two replicates were run for each individual, and additional reactions were performed when necessary to resolve any questionable genotypes. To extend the results of the Taqman-based markers, we also scored ßies for seven additional genetic markers: two allozymes loci (Had and Idh, for methods see Schwarz et al. 2005) and Þve microsatellite loci (P11, P27, P37, P71, and P80, for methods see Velez et al. 2006; Michel et al. 2007 Michel et al. , 2010 .
Genetic data from the eight populations were analyzed using the software NewHybrids v. 1.1 (Anderson and Thompson 2002), which uses a Bayesian model to calculate the posterior probability (pp) that an individual belongs to one of six different hybrid genotype classes (parent species A, parent species B, F1, F2, backcross F1 ϫ A, and backcross F1 ϫ B). We used uniform mixing proportions with a 1,00,000 step burn-in and 1,000,000 sweeps for sampling, considering ßies from all seven apple and black hawthorn sites and the snowberry population together in the analysis. We did not include prior allele frequency or sampling location information, and thus did not a priori deÞne the genetic boundaries representing apple and black hawthorn R. pomonella versus snowberry-infesting R. zephyria taxa in the analysis. Each run was repeated three times, and pp values were averaged for each category for an individual. We assigned individuals to a speciÞc class when pp Ն0.95. Individuals with 0.95 Ͼ pp Ն0.5 were considered "tentatively assigned" to a class. Individuals with pp Ͻ0.5 for any given class were placed into a generic "admixed" class if the sum of the pp of the Þrst-generation (F1), second-generation (F2), and backcross (BC) hybrid categories was Ն0.5. There was no ßy whose genotype did not Þt into one of these three categories. Separate analyses were performed using genotype data from 1) all 11 markers (the four SNPs, two allozymes, and Þve microsatellites), and 2) only the four SNPs scored by the Taqman assay.
Therefore, NewHybrids analysis provided a Þrst basis to compare the effectiveness of the full 11 locus and four Taqman assayed SNPs for resolving whether apple and black hawthorn-origin versus snowberryorigin ßies were likely R. pomonella or R. zephyria, respectively. Moreover, the results produced an initial indication of whether hybridization may be occurring between these two species in WA.
To further assess the hybridization issue, we constructed computer-generated apple and haw ßy genotypes assuming random mating within each deme and no gene ßow. Under this null-hypothesis, the putative R. zephyria origin alleles found in R. pomonella were regarded as rare, randomly segregating R. pomonella alleles. We simulated 20 replicates each by random draws with replacement from the respective observed allele pools of the population that we reared from 1) apple and hawthorn in Bellingham (alleles from both hosts were combined as both population showed similar allele frequencies; Table 3 ), 2) southÐ central WA haw ßies from the geographic cluster of sites Wenas and Nile and Tampico, and 3) southÐ central WA haw ßies from Burbank (Fig. 1) . The single and isolated individual from Goldendale ( Fig.  1) was excluded from the simulation. We assumed that all loci were unlinked. For each replicate, simulated genotypes for the population in question were tested along with observed genotypes from all other populations in NewHybrids. The number of simulated genotypes that we included was equivalent to the number of observed genotypes for a particular population (Bellingham apple and haw ϭ 39, Wenas and Nile and Tampico ϭ 10, Burbank ϭ 9). The simulated populations were then analyzed in NewHybrids using the conditions described above to determine how many individuals would be classiÞed as hybrid (F1, F2, BC, or admixed) based on their pp values compared with the numbers calculated from the actual observed genotypic data. Evidence for hybridization would therefore be provided if a statistically greater number of putative hybrid genotypes were observed in the actual data set compared with the null, random mating, no gene ßow model.
Successful detection of hybrids with NewHybrids relies on "having recently or incompletely hybridized populations" (Anderson and Thompson 2002) . Our study revealed evidence that high levels of introgression may be occurring in southÐ central WA, violating the assumption of NewHybrids. Therefore, we conducted additional analyses using the program STRUCTURE (Pritchard et al. 2000) . Structure does not assign individuals to a particular hybrid class, but instead assigns ancestry proportions for individuals to different panmictic populations that are constructed from the observed genotypes via Bayesian clustering. Thus, STRUCTURE can potentially be applied to a hybrid swarm of individuals with a complex history of introgression. A valuable application of STRUCTURE is to assess the most likely number of panmictic populations in a genetic sample. We used STRUCTURE using the method of Evanno et al. (2005) to determine the most likely number of panmictic populations represented by our sample of all eight apple, black hawthorn, and snowberry origin sites genetically surveyed in the study. This allowed us to measure 1) the extent to which R. pomonella and R. zephyria could be distinguished as distinct taxa based on the 11 locus data set, and 2) whether southÐ central WA black hawthorn ßies are highly admixed or represent a third isolated population with unusual allele frequencies from Bellingham ßies. We used the admixture model in STRUCTURE and ran Þve replicate runs (1,00,000 burn in MCMC replicates and 1,00,000 data collection replicates for each run) for each K (ϭnumber of assumed panmictic populations) ranging from K ϭ 1 to K ϭ 6.
Results

Species Diagnosis.
The results from the NewHybrid analysis for the combined eight sample collecting sites are presented for the full 11 locus data in Fig. 2A and for the four SNP data set in Fig. 2B . With respect to the 11 locus data set, co-occurring black hawthorn-, apple-, and snowberry-infesting ßies at the Bellingham, WA, site were distinguishable as two different populations; one group (n ϭ 39) contained all apple-and black hawthorn-origin ßies, whereas the other (n ϭ 21) was made up only of snowberry-origin ßies ( Fig.  2A) . The distinction also largely held for the nine specimens from Burbank, as the majority of ßies (7/ 9 ϭ 77.8%) had genotypes classifying them mostly likely as R. pomonella, and no ßy had a perceptible probability of being R. zephyria ( Fig. 2A) . However, circumstances were less clear for the remaining 11 black hawthorn ßies from the other southÐ central WA sites. Here, only three ßies had genotypes with high probabilities for them being R. pomonella (3/11 ϭ 27.3%; Fig. 2A ). Of the remaining eight individuals, none had an appreciable probability of it being R. pomonella, and three possessed genotypes with them potentially being pure R. zephyria. Indeed for one ßy, being of pure R. zephyria ancestry was by far the highest probability class. Thus, at western WA and Burbank, WA, the 11 genetic markers could diagnostically differentiate whether a ßy originated from apple or black hawthorn versus snowberry with 100% accuracy. We note, however, that this does not mean that a ßy had a long association with apple and black hawthorn versus snowberry, as there were still individuals with genotypes suggesting that their parents or In contrast, at the two southÐ central WA locations besides Burbank, many ßies were problematic and at least three could be considered to be of different host origin from the fruit that they were reared from if they were genetically tested blindly.
Restricting the genetic analysis to the four Taqman assayed SNP markers produced similar results as the full 11 locus data set (Fig. 2B) . Again, the Bellingham apple-and hawthorn-origin ßies and the Burbank hawthorn ßies were distinct from snowberry-origin ßies (Fig. 2B) . Furthermore, as before, three black hawthorn-origin ßies from the other southÐ central WA sites had SNP genotypes that implied that they could, with at least some not insigniÞcant probability, be snowberry ßies, constituting a potential misidentiÞcation problem for pest management.
Hybridization Between Taxa. The NewHybrids analysis of ßy genotypes suggested possible hybridization between R. pomonella and R. zephyria in both western and southÐ central WA. At the Bellingham site, 1 of 23 apple-origin ßies (4.3%), and 2 of 16 black hawthorn-origin ßies (12.5%) had pp scores for the full 11 locus data set implying that they were admixed ( Fig. 2A) . In contrast, no snowberry-origin ßy from Bellingham (n ϭ 21) possessed a probable admixed genotype. This pattern is consistent with the hypothesis that gene ßow is asymmetric, with alleles moving from R. zephyria into R. pomonella, but not vice versa (see also (Fig. 1) . Fig. 2 . Population structure as determined by NewHybrids based on genetic information (A) from the full 11 marker data set including four SNPs, two allozymes, and Þve microsatellites, and (B) from a four marker set of SNPs genotyped using real-time PCR. Each column represents one individual and groups of columns separated by empty columns represent the different sampling sites, distinguished by host plant and location. Assignment proportions to different parental and hybrid classes are encoded as: dark gray, R. pomonella; thick gray stripes, BC R. pomonella; open dot pattern, F1; dense dot pattern, F2; thin gray stripes, BC R. zephyria; light gray, R. zephyria. Burb. haw, hawthorn ßies Burbank, WA; W/N/T haw, hawthorn ßies from sites Wenas, Nile, and Tampico, WA; G, hawthorn ßy from Goldendale, WA.
ham, we simulated an 11 locus data set for the combined Bellingham apple-and black hawthorn-origin populations under the assumptions of no gene ßow with R. zephyria and random mating within demes. This generated a number of null hypothesis data sets with no hybridization occurring (n ϭ 20 replicates) from which the mean expected number of admixed genotypes assigned by NewHybrids by chance could be estimated, along with a 95% CI around this mean. In 4 of 20 replicates, ßies were simulated that had pp values Ն0.5, the criterion for them being considered "admixed." However, in all four replicates only a single individual displayed an admixed genotype, and the mean number of admixed genotypes for all 20 replicates was 0.2 (95% CI ϭ 0.02Ð 0.38, n ϭ 20). Thus, the three observed individuals infesting black hawthorn and apple with pp scores classifying them as admixed at the Bellingham site were strongly suggestive of hybridization.
The rate of introgression appeared to be higher in southÐcentral than western WA. Across the Þve southÐ central WA sites, 8 of the 20 ßies scored (40%) possessed genotypes classifying them as admixed. However, in contrast to the results for Bellingham, the numbers of observed "admixed" genotypes for the southÐcentral WA populations were not different from the numbers expected from simulations of random mating in the demes. Indeed, the number of admixed individuals predicted for the Wenas and Nile and Tampico population (6.05, 95% CI ϭ 5.24 Ð 6.86, n ϭ 20 simulations) was actually slightly more than the observed Þve admixed genotypes, while the two observed admixed genotypes at Burbank fell squarely within the simulated expected range (mean ϭ 1.5, 95% CI ϭ 0.84 Ð2.16, n ϭ 20 simulations).
The results from the STRUCTRE analysis were consistent with the interpretation of hybridization between R. pomonella and R. zephyria. For all eight sites considered together, there was greatest support for K ϭ 2 populations, implying two distinct R. pomonella and R. zephyria populations in WA (⌬K[2] ϭ 473.9, ⌬K[3] ϭ 4.3, ⌬K[4] ϭ 71.5, ⌬K[5] ϭ 1.9; the greatest ⌬K value indicates the best supported number of panmictic populations in the data set; Evanno et al. 2005 ). This result was driven by the Bellingham site where assignment probabilities for apple-and black hawthorn-origin versus snowberry-origin ßies were always higher, usually substantially so, for inclusion in the R. pomonella or R. zephyria population, respectively (Fig. 3) . The same was true for black hawthorn ßies from Burbank being assigned to R. pomonella, although overall not as clearly as apple and black hawthorn individuals from Bellingham. However, for the other two southÐ central WA regions, there was considerable ambiguity in assigning ßies of black hawthorn origin to R. pomonella ancestry, with over half of the individuals (6/11 ϭ 54.5%) having as great or greater probability of belonging to the R. zephyria population.
Restricting the analysis of hybridization to the four Taqman SNP markers reduced the level of detected admixture. Indeed, at Bellingham no individual was classiÞed as admixed by NewHybrids (Fig. 2B) . However, Þve individuals (5/20 ϭ 25%) were still classiÞed as most likely of being of hybrid origin for the southÐ central WA sites by NewHybrids (Fig. 2B ). All Þve of these ßies were from the two southÐ central WA sites other than Burbank (Fig. 2B) .
Discussion
The two primary objectives of our study were 1) to determine whether a set of genetic markers could be found to improve identiÞcation of R. pomonella versus R. zephyria in WA, and 2) to assess the existence and direction of hybridization between these two species. Our results generally accomplished these tasks, with some important caveats and cautions concerning how hybridization and introgression may impact the species detection problem.
For pest management purposes, the four Taqman assayed SNPs generally proved as effective as the full 11 locus marker set. Of 80 ßies genotyped, only six individuals differed in their classiÞcation in NewHybrids between the SNP and 11 locus data sets. Importantly, no case involved a misclassiÞcation of R. pomonella as R. zephyria or vice versa. Instead, the reduced set of four SNP markers failed to recognize admixed individuals in the apple or black hawthorn populations and classiÞed them as R. pomonella. These results can be readily explained by the fact that more genetic information is necessary to detect more complex hybrid classes. From an applied perspective for R. pomonella monitoring, however, it is conservative to treat any hybrid origin offspring as a potential appleinfesting pest. Indeed, in the laboratory, it has been Fig. 3 . Population structure as determined by STRUCTURE based on genetic information from the full 11 marker data set. Each stacked bar represents the ancestry proportions of a single individual after assignment to the best supported number of K ϭ 2 populations. Light gray, zephyria ancestry; dark gray, pomonella ancestry. Groups of columns separated by empty columns represent the different sampling sites, distinguished by host plant and location. Burb. haw, hawthorn ßies Burbank, WA; W/N/T haw, hawthorn ßies from sites Wenas, Nile, and Tampico, WA; G, hawthorn ßy from Goldendale, WA.
shown that F1 R. pomonella ϫ R. zephyria hybrids will oviposit into apple and produce viable pupae (Yee and Goughnour 2011) . Thus, the misclassiÞcation of potential hybrids as R. pomonella is not critical, as both classes of genotypes warrant the imposition of quarantine measures for growers. The four SNP Taqman approach may therefore be adequate in most instances as a rapid species identiÞcation tool for R. pomonella monitoring (although see below for some important caveats).
Our results are also consistent with hybridization between R. zephyria and R. pomonella in WA. Moreover, the data from Bellingham support the hypothesis of asymmetric introgression of R. zephyria alleles into R. pomonella apple and black hawthorn populations ( Fig. 2A; Table 3 ). Asymmetrical introgression provides an additional basis for conservatively treating admixed individuals as R. pomonella, as it implies that any ßy not identiÞed as pure R. zephyria likely possesses a history of association with a R. pomonella host plant, and thus is a potential threat to apple orchards. In the laboratory, it has been shown that R. pomonella female ϫ R. zephyria male pairings mate and produce offspring more often than do R. zephyria female ϫ R. pomonella male crosses (Yee and Goughnour 2011) . Thus, it may be that adventurous R. zephyria males moving to apples and black hawthorns or R. pomonella females seeking mates on snowberries underlie hybridization and introgression between the species (see below for further discussion of this issue with regards to southÐ central WA). Additional ecological Þeld studies and genetic analysis of maternally inherited mitochondrial DNA (mtDNA) are needed to distinguish these possibilities, and discern whether and how the laboratory results translate to nature.
There are some important caveats that complicate the application of the four SNP Taqman assay to apple maggot monitoring and our assessment of hybridization. Central WA constitutes the major area of apple production in the state and is therefore most relevant to the issue of genetic species identiÞcation for monitoring. In our current study, black hawthorn ßies from the Þve sites in southÐ central WA were clearly genetically differentiated from R. pomonella ßies in western WA. Of signiÞcant note, the southÐ central WA black hawthorn populations appeared to contain much higher frequencies of alleles associated with the R. zephyria population in Bellingham. This Þnding was unexpected and requires further work to clarify, as it has important implications for R. pomonella management in central WA (see below). Moreover, if our interpretation of hybridization is correct, then the level of introgression from R. zephyria (while higher than in the west) may also differ between geographic locations in southÐ central WA, being lower in Burbank compared with elsewhere (Table 3 ; Supp. Table  1 [online only]). Unfortunately, we were unable to score snowberry-origin ßies in central WA to provide a datum to substantiate the general direction of this trend. Nevertheless the observation suggests that either alone or in combination 1) introgression from R. zephyria into R. pomonella is more common in central than western WA, or 2) alleles associated with R. zephyria in western WA, whether introgressed or not, are more favored by natural selection in R. pomonella populations in central than western WA, or 3) founder events and genetic drift associated with the introduction and spread of R. pomonella may have altered regional and local allele frequencies.
If hybridization does occur more frequently in central WA, then it could reßect the later arrival of R. pomonella ßies in central Washington. R. pomonella was Þrst detected in Washington in 1980 (AliNiazee and Penrose 1981) and quickly spread throughout western Washington. In contrast, it was not until 1995 and 1997 that R. pomonella was Þrst detected in Yakima and Kittitas Counties, respectively (Yee et al. 2012) . Given the more recent introduction of R. pomonella into these areas, the greater degree of admixture could be because of insufÞcient time for premating barriers to gene ßow to have evolved in central WA compared with western WA. Another possibility is that the small size of founder populations in central WA increased the probability of colonizing R. pomonella hybridizing with larger, well-established R. zephyria populations; in southÐ central WA, R. zephyria greatly outnumber R. pomonella (Yee 2008) .
If R. zephyria alleles are adaptive in central WA, for example to the increased aridity of the region, then hybridization could facilitate R. pomonellaÕs continued spread from western WA into the apple-growing regions of the state. This would add another dimension to the problem, as migration and interbreeding from snowberry-infesting populations near orchards may be helping sustain and adapt R. pomonella populations on black hawthorn and apple hosts in central WA. Thus, attention would also have to be paid to controlling R. zephyria as a conduit for aiding the colonization of R. pomonella into sensitive apple-growing regions of central WA. Alternatively, if the altered allele frequencies for R. pomonella in central WA are not caused by hybridization, but instead represent the result of selection for rare alleles or founder effects and genetic drift, no such management of R. zephyria would be necessary. Further research is therefore needed to characterize the pattern of genetic variation for R. pomonella across WA to determine its basis.
Regardless of its cause, the increased frequency of R. zephyria alleles in southÐ central WA black hawthorn ßy populations makes it more challenging to determine the host-origins of individuals based on the four SNP markers or, for that matter, the full 11 locus data set in certain apple-growing regions of the state. Of particular concern was the classiÞcation of one individual reared from black hawthorn as most likely pure R. zephyria. This is problematic, as it implies that not all individuals genotyped as R. zephyria from Þeld traps near apple orchards may have originated from snowberry and could be discounted as pest risks. However, there are some mitigating aspects of the classiÞcation of the ßy in question that suggest it may be an admixed individual. SpeciÞcally, the ßy was homozygous for "zephyria" alleles at P1700, P3072, and P22, but heterozygous for "pomonella" private alleles at P2956.
In comparison, no ßy reared from snowberry, at least in Bellingham, approached this level of admixture, implying that it would be possible to still distinguish the "R. zephyria" ßy in question as being of black hawthorn origin.
In summary, our results show that the four SNP Taqman assay is adequate for immediate use in conjunction with morphological analysis for apple maggot ßy monitoring. Indeed, it will be useful to analyze the same adult ßy for both genetic markers and morphological traits to determine how correlated these two diagnostic tools are for distinguishing R. zephyria and R. pomonella, and identifying hybrids of mixed ancestry. In addition, our study indicates that a more accurate diagnosis of the potentially highly admixed southÐ central WA ßies would beneÞt from the development of additional nuclear markers that even more starkly differentiate the two parental species, for example, through the application of genome-based mass sequencing approaches. Future "genome scans" of R. pomonella and R. zephyria need to focus on additional sampling of individuals from central WA, including representative ßies from snowberry, as well as populations from the eastern United States where the two species may be more differentiated, to help better frame the issue of hybridization and the role that adaptive introgression of R. zephyria alleles may play in the range expansion of R. pomonella.
The growing ease and accessibility of genetic technology has led to the increasing use of genetic markers to identify species, in lieu of morphological measurements and ecological descriptions. However, in the case of sibling species such as R. pomonella and R. zephyria, which still experience gene ßow, Þxed diagnostic genetic differences may be impossible to Þnd. Some researchers suggest that Rhagoletis taxa are best described as "quantitative genetic" species, species distinguished by differences in allele frequencies, rather than Þxed genetic differences (Mallet 1995 , Feder 1998 . Although this presents a challenge for species diagnosis, our study demonstrates that the analysis of multilocus genotypes with strong allele frequency differences can be used to distinguish taxa. Multilocus genotypes can overcome the diagnostic challenges posed by gene ßow between R. pomonella and R. zephyria, and do provide a valuable tool for pest monitoring, helping to check the spread of apple maggot ßies.
